This work investigates the thermal polymerization process of a methylene diphenyl diisocyanate (MDI) monomer as well as its thermal degradation following the ICTAC recommendations. MDI monomer is widely used as a synthetic resin in the production of MDF panels, as it provides compaction of the eucalyptus fibers by polymerization. Thermogravimetry/ derivative thermogravimetric-differential thermal analysis (TG/DTG-DTA), differential scanning calorimetry, and midinfrared spectroscopy were used in this study. The polymerization process (An) and degradation (Fn) process exhibited activation energy equal to 149.70 and 80.22 kJ mol -1 , respectively. The combined the FTIR and kinetic information makes it possible to suggest the mechanism reaction, which is an inedited data in literature.
Introduction
The 4,4 0 -methylene diphenyl diisocyanate (MDI, Fig. 1 ) in the pure monomer form is a light brown color, odorless high viscosity liquid, which reacts with water to release carbon dioxide [1] . MDI is a key component for the synthesis of polyurethane (PU) and is widely used in the processing of other products such as elastomers, sealants, and foams [2, 3] , as well as in medium density fiberboard (MDF) production. MDI is a formaldehyde-free adhesive (environmental friendly) and an excellent substitute for urea-formaldehyde (UF) resins in the manufacture of wood fiber panels, as it provides greater durability and water resistance, avoiding early deterioration of the MDF panel [4, 5] .
Duratex is a large Brazilian industry that makes MDF panel; like other industries around the world, they changed from using urea-formaldehyde resin to MDI, and consequently the production uses 75.0% less resin in panel fabrication. However, the MDI monomer is still more expensive than the common UF resin, and some manufacture problems appeared, such as wrong polymerization temperature, which caused low panel resistance, monomer waste, and manufacture spoil. Hence, it is important to determine the best polymerization temperature and activation energy of this process.
Non-isothermal kinetics studies have become an excellent choice to explain the reaction mechanism of polymers [4] [5] [6] [7] [8] [9] [10] . This kinetic approach is very important, due to its possible correlation between the activation energy in the conversion degree of the reaction or the extent of the reaction (polymerization). In the literature, two papers reported the non-isothermal kinetics studies of MDI polymerization process and final polymer degradation process [11, 12] ; however, both did not follow the ICTAC Kinetics Committee [13] . Thus, the present paper followed these recommendations and obtained new kinetics data for both process (polymerization and degradation).
These studies used thermogravimetry/derivative thermogravimetric-differential thermal analysis (TG/DTG-DTA), differential scanning calorimetry (DSC), and midThe present article is based on the lecture presented at SiAT VIII conference in Punta Grossa -Brazil on August 13-15, 2017.
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& Gilbert Bannach gilbert@fc.unesp.br infrared spectroscopy (MIR). The data from the nonisothermal kinetics studies was applied in licensed Software (Netzsch kinetics Neo Trial). These techniques produced results that help to clarify the MDI polymerization process, suggesting the formation of carbodiimide groups in polymer chain. Furthermore, the studied MDI thermal degradation step was showed to be a complex kinetic process (multiple steps).
Materials and methods

MDI monomer
MDI monomer was purchased from the Huntsman Corporation (Rubinate Ò 1840).
Thermal analyses: thermogravimetry-differential thermal analysis (TG-DTA) and differential scanning calorimetry (DSC)
The TG-DTA curves were obtained using Netzsch equipment, model STA 449 F3, in 70 lL a-alumina open crucibles with samples of about 14 mg, heating rate of 10.0°C min -1 in a dry air atmosphere (close to industrial ambient conditions) at a flow rate of 50.0 mL min -1 , and a temperature range of 30.0-800.0°C.
The DSC analyses were carried out on METTLER TOLEDO equipment, model DSC 1 Star e System. The DSC curves were obtained using 40 lL closed aluminum crucibles with perforated lids, samples of about 11.0 mg of monomer and at a heating rate of 10.0°C min -1 in dry air atmosphere and a 50.0 mL min -1 flow rate. The heating procedures were performed from 25.0 to 440.0°C.
Kinetics parameters
The polymerization and degradation of MDI kinetic study was done under non-isothermal conditions, following the ICTAC recommendations [13] . The same equipment and parameters used before were employed, using different heating rate (5.0, 15.0, 20.0, and 25.0°C min ) as a complement to previously used (10.0°C min -1) . All the data were processed using the Netzsch kinetics Neo Trial software by Netzsch [14] . The software admits the principles described by Ref [15] , which use residual sum of squares (RSS).
Mid-infrared spectroscopy (MIR)
The spectra in the infrared region were obtained using a Nicolet iS10 FTIR spectrometer with a resolution of 4 cm -1 in the region of 4000-600 cm -1 , using a Fourier transform spectrophotometer and accessory for the attenuated total reflectance (ATR) with germanium crystal.
Results and discussion
TG-DTA and DTG analyses
The TG/DTG-DTA curves for the MDI monomer and polymer are shown in Fig. 2 . It is observed in TG curve for MDI monomer (Fig. 2a) that monomer was thermal stable until 180.0°C, and this temperature is higher than the temperatures found in literature: 120 and 150°C [11, 12] . This difference is attributed to different equipments and analyzes conditions. There were three steps of mass loss, the first one indicating the polymerization process (TG Dm = 35.62% and Calculed Dm = 35.16%), which is suggested for CO 2 liberation and possible forming of carbodiimides group (N=C=N). The polymerization was confirmed by the qualitative analysis in the test tube. The other two steps are related to degradation and oxidation of MDI polymer with Dm = 16.95% and Dm = 48.83%, respectively.
The TG curve for MDI polymer (Fig. 2b) shows that the polymerization step occurred due to residual monomers (16.47%). The degradation steps were similar to previous curve with Dm = 16.88% and Dm = 67.11%, and no residual mass was found. Table 1 contains the details of the volatilization and decomposing steps of all the MDI samples as well as the thermal events in DTA.
Differential scanning calorimetry (DSC)
The DSC curve of MDI (Fig. 3) showed a glass transition (red highlighted) with onset at 131.4°C and midpoint by ASTM at 136.1°C [16] . Furthermore, two exothermic events were observed with peaks at 295.0 and 330.0°C, respectively (DH = 76.83 J g -1 ), which are related to polymerization process. The exothermic peak at 428.0°C suggests oxidation and degradation of the sample.
Related kinetics studies for mass loss of MDI
The polymerization process breaks some covalent bond and forms new covalent bonds between molecules (monomers). On the other hand, the degradation process breaks the polymer and forms smaller molecules such as [4-10, 17, 18] . Furthermore, the polymerization and degradation processes usually occur at higher temperatures, which could initiate the conversion before reaching the isothermal temperature [13] . Thus, the use of isothermal conditions is inappropriate. Therefore, MDI polimerization and degradation processes were studied using the non-isothermal method. There is already a study about the polymerization kinetic of MDI in literature [11] ; however, the author did not follow the ICTAC recommendations. The model-free method used to determine the activation energy was the Ozawa-Flynn-Wall (OFW), which has low accuracy and is limited to linear heating rate conditions when compared with other methods. Moreover, this model should be used with iterative correction procedure for the value of activation energy [13] . The use of a computational software was not mentioned by the authors. Moreover, the authors:
• Used the linear regression, which should not be used for complex kinetics (this information will be discussed later) [13, 15] ; • Did not show the E a vs a dependency; :Exo up
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• Chose the better model (to determine the kind of reaction) comparing just the difference between the correlation coefficient (R 2 ), which is not sufficient to make this choice [13, 15] .
Keeping in mind this information, a study is necessary about the polymerization kinetic of MDI following the ICTAC recommendations. The TG curves in different heating rates are presented in Fig. 4 .
All kinetic study is related to the reaction rate and is described by Eq. (1) [17, 18] :
where da/dt is the reaction rate, a is the extent of the reaction, k(T) is the rate constant, t is time, T is temperature, and f(a) is the reaction model. At constant extension of conversion, the reaction rate is only a function of temperature; therefore, it is possible to determine the activation energy for each extent of reaction without assuming any reaction model [13, 19] . This information was important to determine if the polymeric and degradation process were kinetically complex. Using the expression proposed by Friedman, Eq. (2) [20] , it was possible to obtain this information.
In which b t is associated to heating rate, parameters A a and E a are the pre-exponential factor and activation energy, respectively, and R is the gas constant. The extent of reaction rates was adjusted by Friedman method, Eq. (2), and the E a vs a graphic was plotted and is shown in Fig. 5 . Note that the activation energy value oscillates between 188.8 (maximum value) and 131.9 (minimum value) kJ mol -1 during the polymerization process, with some oscillations (shoulders) in the interval used (0.1 to 0.9) his variation is typical of gelatinization process (oligomer formation) followed by crosslinking reaction (final polymer) and is attributed to mechanical change: from chemical to diffusion control [13, 21] . It also indicates the occurrence of a complex process ) is indicated in each curve [7, 13, 17, 18] . The activation energy behavior suggests the formation of more than one intermediate reaction.
In similar situations, when the maximum and minimum values of activation energy oscillate more than 20-30% of the average, the use of computationally complex methods is recommended [13] . Using the option nonlinear modelfitting offered by the software Netzsch kinetics Neo Trial and considering an independent reaction, the best method obtained for polymerization process was n-dimensional nucleation (An), which found values of activation energy and pre-exponential factor equal to 149.7 kJ mol -1 and 1.3 9 10 12 s -1 , respectively. The E a value found by Ref [11] (50-60 kJ mol -1 ) was three times lower than the value found in this work. This is a diffusional method [4, 22] and is in agreement with the E a vs a dependence obtained by Friedman method. The Ref [11, 12] shows that just the coefficient correlation (R 2 ) value is not enough to choose a better solution. The Ftest was considered, which gives just one ideal solution, in this study (An) [15, 23] . All values of activation energy, logarithm of pre-exponential factor, correlation coefficient, and F exp are shown in Table S1 .
Reference [12] showed the activation energy of MDI polymerization, and although less detailed than Ref [11] , the average E a value found was more consistent with the polymerization process (200.99 kJ mol -1 ). The author also found the activation energy of the MDI degradation process (259.94 kJ mol -1 ). In both cases, they used the OFW method, which has some disadvantages, as previously mentioned, and did not follow the ICTAC recommendations [13] .
The E a vs a dependency obtained by the Friedman analysis for degradation of MDI polymer is shown in Fig. 6 . The decrease of activation energy is noted (249.4 to 4.7 kJ mol -1 ), but with three different behaviors associated with this process. The observed polymerization process is related to the complex degradation process that generates several products, as mentioned by the Ref. [12] . The activation energy values varied more than 20-30%; therefore, the nonlinear regression was used to determine the best model. Considering the R 2 (0.983147) and the F exp (1.00) values, the best model obtained was the n-order reaction (Fn), which provided E a = 80.22 mol
, A = 97.18 s -1 . The best model for degradation process exhibited F exp-= 1.00. This information indicates that there is no significant difference between the experimental and the theoretical data provided by the best kinetic model. All values of activation energy, logarithm of pre-exponential factor, correlation coefficient, and F exp obtained for MDI polymer degradation are shown in Table S2 .
Analyzing both values of activation energy (polymerization and degradation), it is observed that the first value is higher than the degradation one. This could be explained due to the polymerization reaction of isocyanates requires high energy; thus, it is used catalysts or heating in these syntheses [24] [25] [26] . Another reason, is not possible to compare these, due to be different process and different materials (1st Step: monomer to polymer and 2nd step: polymer degradation).
The lifetime to achieve 5% of each process (polymerization and degradation) was calculated as described by ASTM 1641 and 1877 [27, 28] following Eq. 3, with the resulting graph shown in Fig. 7a .
The lifetime to polymerize 5% at 200.0°C of MDI is about 11 min, and the lifetime of MDI polymer to degrade 5% at 500.0°C is about 1 min, with the resulting graph shown in Fig. 7b . However, these results are just a time estimate and can be used to compare different raw materials of same product (MDI) in the industry or determine the better temperature for work and storage.
Mid-infrared spectroscopy
The infrared absorption spectra for standard MDI [29] of MDI and MDI polymer are presented in Fig. 8 . The MIR spectrum of standard MDI (Fig. 8a) shows an intense characteristic peak at 2280 cm -1 attributed to stretching of the isocyanate group (R-N=C=O) [30] . The MDI monomer had the same peak at 2266 cm -1 related to stretching of the isocyanate group. However, the MDI polymer presented a different spectrum, in that the respective isocyanate peak at 2266 cm -1 had less intensity and two new peaks appeared at 2110 and 2136 cm -1 . These peaks are related to symmetrical and asymmetrical stretching of carbodiimide group (R-N=C=N-R), formed in the polymerization process [30, 31] . The carbodiimide formation in this process is confirmed by 15 N-NMR in literature [32] . TG and FTIR data indicated a reaction mechanism for carbodiimide formation. Ref [12] reports this information; however, without any literature explaining the reaction mechanism. This paper suggested the pericyclic reaction, which results in a four-member ring (uretidinone). Then, a rearrangement occurs and forms a second intermediate: a carbamate four-member ring, which rearranges one more time releasing carbon dioxide gas and forming the final product, a carbodiimide polymer. This is a favorable reaction due to the gas formed as one of products [33] . The suggested mechanism reaction is shown in Fig. 9 . This mechanism is in agreement with the activation energy behavior observed in Fig. 5 . Some oscillations could be associated with these intermediate reactions. 
Conclusions
The TG/DTG-DTA curves of MDI monomer and its polymer presented similar behavior of thermal stability at 180.0°C and three steps of mass loss. The DSC showed two exothermic peaks at 295.0 and 330.0°C, associated to polymerization, followed by decomposition event at 428.0°C. The MIR spectra confirmed the presence of carbodiimides in MDI polymer with characteristic peaks at 2110 and 2136 cm -1 , and it was possible to suggest a mechanism for the carbodiimide formation. Furthermore, the polymerization and degradation processes were analyzed by kinetic studies following the ICTAC recommendations and then compared to literature results. The polymerization process exhibits activation energy equal to 149.7 kJ mol -1 and the best model obtained by nonlinear regression was the An. In the degradation process, the activation energy decreased from 450.0 to 80.22 kJ mol -1 and the best model obtained was the Fn. These data showed more accuracy than the previously literature data, due to the use of software and nonlinear regression. Finally, it was possible to calculate the lifetime as 5% of polymerization at 200°C (11 min) and degradation at 500.0°C (1 min), this information could be used to determine the better temperature for work and storage or compare different raw materials of same product (MDI) in the industry. New thermal study of polymerization and degradation kinetics of methylene diphenyl diisocyanate 1461
